Memantine is an N-methyl-D-aspartate receptor antagonist that is approved for the treatment of moderate to severe Alzheimer's disease (AD). In this study, three groups of triple-transgenic (3xTg-AD) mice with differing levels of AD-like pathology (6, 9, and 15 months of age) were treated for 3 months with doses of memantine equivalent to those used in humans. After the treatment, memantine-treated mice had restored cognition and significantly reduced the levels of insoluble amyloid-␤ (A␤), A␤ dodecamers (A␤*56), prefibrillar soluble oligomers , and fibrillar oligomers. The effects on pathology were stronger in older, more impaired animals. Memantine treatment also was associated with a decline in the levels of total tau and hyperphosphorylated tau. Finally, memantine pre-incubation prevented A␤-induced inhibition of long-term potentiation in hippocampal slices of cognitively normal mice. These results suggest that the effects of memantine treatment on AD brain include disease modification and prevention of synaptic dysfunction.
characterized by a progressive and irreversible loss of neurons in specific brain regions. The disease gradually affects memory, learning abilities, and language skills, causes behavioral and personality changes, interferes with the individual's ability to perform daily activities, and ultimately leads to death. 3, 4 At the neuropathological level, the AD brain is marked by extracellular amyloid plaques, mainly composed of aggregated amyloid-␤ (A␤) peptides and by intracellular neurofibrillary tangles, composed of the hyperphosphorylated tau protein, 4, 5 along with multiple secondary pathologies such as inflammation, oxidative stress, and ionic imbalances. Four drugs are currently approved by the Food and Drug Administration for the treatment of AD. Of these, three are acetylcholinesterase inhibitors, 6 whereas the fourth, memantine (1-amino-3,5-dimethyl-adamantane), is an uncompetitive, moderate-affinity antagonist of Nmethyl-D-aspartate (NMDA) receptors. [7] [8] [9] Animal models of AD have been invaluable for elucidating the molecular mechanisms of the disease, as well as for evaluating potential therapeutic interventions. Triple transgenic (3xTg-AD) mice, which harbor PS1 M146V knockin alleles and APP Swe , and tau P301L transgenes, develop age-dependent and region-specific A␤ and tau aggregations that closely mimic the disease progression in humans. 10 The 3xTg-AD mice also develop age-related cognitive decline and impairment in synaptic plasticity, including deficits in long-term potentiation (LTP), a neuronal phenomenon that is thought to underlie learning and memory. [11] [12] [13] In the hippocampus, LTP is dependent on NMDA receptors (NMDARs), which function as calciumpermeable ion channels.
14 Overactivation of NMDARs results in excessive calcium influx, which can trigger a variety of processes that lead to necrosis, apoptosis, or denditric/synaptic damage. 8 A␤ peptides can bind to and activate NMDARs, which results in internalization of the receptor-A␤ complex, 15 increased calcium influx, 16, 17 formation of reactive oxygen species, 16 and synapse loss. 17 A␤ can also induce internalization of NMDARs alone. 18 In addition, excessive NMDAR activity has been reported to increase the hyperphosphorylation of tau. 19 It has been suggested that A␤ mildly activates normal NMDA receptor function, reducing postsynaptic potentiation via increased calcium influx, leading to cognitive impairments and, eventually, synaptic and neuronal loss. 20 Memantine is thought to selectively block the excitotoxic effects associated with abnormal glutamatergic transmission, while allowing for the physiological transmission associated with normal cell functioning. 8 Clinical trials have shown that memantine is an effective, safe, and well-tolerated treatment option for moderate to severe AD. 7, 21 Its effects have been investigated in a large number of in vitro and in vivo studies, which indicate that memantine offers protection from neurotoxicity induced by A␤. 22 Memantine has also been shown to improve cognitive and behavioral performance in different transgenic models of AD, [23] [24] [25] but the details of the mechanism by which it leads to improved performance still remain to be elucidated. The purpose of this study was to investigate the effects of memantine on cognitive performance in 3xTg-AD mice, as well as the disease-modifying potential of memantine (ie, ability to reduce the brain levels of A␤ and hyperphosphorylated tau) in this animal model. Our data suggest that memantine treatment of AD may indeed produce disease-modifying effects.
Materials and Methods

Compound Used
Memantine (1-amino-3,5-dimethyl-adamantane) HCl was provided by Forest Laboratories, Inc., in a purity of 99.3%.
Animals and Treatment
The derivation and characterization of the 3xTg-AD mice has been described elsewhere. 10 Briefly, two independent transgenes encoding human APP Swe and the human tau P301L (both under control of the mouse Thy1.2 regulatory element) were co-microinjected into single-cell embryos harvested from homozygous mutant PS1 M146V knockin (PS1-KI) mice. 10 In this study, 6-, 9-and 15-month-old homozygous 3xTg-AD mice, 10 per group (five male, five female); littermates or cousins, and agematched NonTg mice were treated for 3 months with vehicle only (2% sucrose in water; littermates or cousins) or a clinically relevant dose of memantine (30 mg/kg/ day), shown to produce a steady-state plasma drug level of approximately 1 mol/L in mice. 23, 26 In clinical practice, a stable dose of 20 mg/day memantine in patients with AD produces a steady-state plasma drug level of approximately 0.5 mol/L. 27, 28 Memantine is known to block the NMDA receptors with an IC 50 of about 1 mol/L, and it blocks synaptic plasticity (eg, LTP) only at much higher concentrations (IC 50 ϭ 11.6 mol/L).
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Based on our earlier work, 10, 13, 31 the youngest group of animals (6 months old at the onset of the study) was expected to show intraneuronal A␤ and somatodendritic tau accumulation by the end of the 3-month treatment, and was named the mild pathology group. The second age group (9 months old at the onset) was expected to accumulate extracellular A␤ plaques and show signs of plaque-associated inflammation by the end of treatment, and was named the moderate pathology group. The oldest group of mice (15 months of age at the onset) was expected by the end of treatment to develop extensive A␤ plaque burden, along with signs of activated microglia and even stronger inflammation. All mice were given an unlimited access to food and water. The water consumption was measured twice per week. After the first week, we estimated that the daily consumption was stable (8 ml/30 g), and the memantine concentration was adjusted accordingly. Before and after the three months of treatment, the animals were tested on a battery of cognitive tasks, and at the end of testing the animals were sacrificed for neuropathological studies. Blood samples to determine the plasma levels of memantine were taken after the last behavioral task was performed.
Behavioral Tests
Hidden and cued platform Morris water maze training and testing were conducted as described previously.
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Mice were trained to swim to a circular clear Plexiglas platform (diameter, 14 cm), submerged 1.5 cm beneath the water surface. The platform location was selected randomly for each mouse but was kept constant for each individual mouse throughout the training phase. The mice were subjected to four training trials a day for as many days as needed to reach the training goal of swimming to the submerged platform (escape latency) within 20 seconds for mild and moderate pathology groups (7 days pretreatment and 8 days post-trained) and 8 days for the oldest group as criterion for stop training. Retention of the spatial training was assessed 1.5 hours (short-term memory) and 24 hours (long-term memory) after the last training session, by measuring the time the animals needed to cross the location of a platform that has been removed.
The object recognition task used is based on the spontaneous tendency of rodents to explore a novel object longer than a familiar one. 32 On day 1, the mice were allowed to familiarize themselves with the empty open field for 5 minutes. On day 2, they were subjected to a 5-minute exploration session of two identical, symmetrically placed objects A. Ninety minutes and 24 hours later, the animals were subjected to a 3-minute retention session where they were exposed to one object A and to a novel object B (after 90 minutes) or object C (after 24 hours). The times of exploration were recorded, and an object recognition index (ORI) was calculated, such that ORI ϭ (t n Ϫ t f )/(t n ϩ t f ), where t f and t n represent times of exploring the familiar and novel objects, respectively.
Contextual learning and memory was evaluated using the passive inhibitory avoidance task, performed in the Gemini Avoidance System (San Diego Instruments, San Diego, CA). The training trial consisted of placing a mouse in the illuminated compartment of the device, and recording the time required for it to enter the dark compartment (baseline latency). On entering, the door between the two compartments was closed and the animal was immediately given an electric shock to the feet (0.15 mA, 1 second). During the retention trials (conducted 1.5 hours and 24 hours after the training trial), the mouse was again placed in the illuminated compartment and the latency to enter the dark compartment was recorded. The retention trial was interrupted if the animal took more than 180 seconds to cross into the dark compartment.
Protein Extraction, Immunohistochemistry, and Western Blot
Mice were sacrificed by CO 2 asphyxiation, and their brains were cut in half sagittally. One half of the brain was fixed for 48 hours in 4% paraformaldehyde in phosphate-buffered saline for immunohistochemical analysis, whereas the other half was frozen in dry ice for biochemical analysis. Thick (50 m) free-floating sections were obtained using a vibratome slicing system. A detailed immunostaining procedure has been described previously. 31, 33 For purposes of immunohistochemistry, the primary antibodies were applied at the following dilutions: 1:1000 for 6E10, 1:5000 for AT100, and 1:1000 for the anti-A␤ 42 antibody D32. Antibodies were applied overnight at 4°C. Sections were stained using the DAB chemistry (Vector Laboratories, Burlingame, CA).
Protein extracts were prepared by homogenizing whole brain hemisphere samples in T-per (Pierce) extraction buffer (150 mg/ml), complemented with a protease (Complete Mini Protease Inhibitor Tablets, Roche) and phosphatase inhibitors (5 mmol/L sodium fluoride and 1 mmol/L sodium orthovanadate, Sigma), followed by centrifugation at 100,000 ϫ g for 1 hour. Protein concentration in the supernatant was determined using the Bradford assay.
Equal amounts of protein (20 -50 g, depending on protein of interest, specific for A␤*56 levels we loaded 50 g/sample in a 4 to 12% gradient gel and probed with 6E10 antibody) were separated on 10 or 4 to 12% Bis/Tris gels (Invitrogen, Carlsbad, CA) and transferred to 0.45 mol/L polyvinylidene difluoride membranes. Membranes were blocked for 1 hour in 5% (v/v) suspension of nonfat milk in 0.2% Tween 20 Tris-buffered saline (pH 7.5), and processed as described. Primary antibodies used for Western blots are summarized in Table 1 . Quantitative densiometric analyses were performed using Image J 1.4 software.
Enzyme-Linked Immunosorbent Assay (ELISA) for Soluble and Insoluble A␤
Soluble and insoluble A␤ fractions were isolated from whole brain homogenates using T-per extraction buffer (Pierce) and 70% formic acid, respectively. Soluble fractions were loaded directly onto ELISA plates, whereas insoluble fractions were diluted 1:20 in a neutralization buffer (1 mol/L Tris base, 0.5 mol/L NaH 2 PO 4 ) before loading. MaxiSorp immunoplates (Nunc, Rochester, NY) were coated with mAB20.1 antibody (a kind gift from Dr. W. Van Nostrand, Stony Brook University, Stony Brook, NY) at a concentration of 25 g/ml in coating buffer (0.1 mol/L Na 2 CO 3 , pH 9.6) and blocked with 3% bovine serum albumin. Standard solutions for both A␤ 1-40 and 
LTP Experiments
All experimental protocols were approved by the Ethical Committee on Animal Care and Use of the Government of Bavaria, Germany. The brains of 2-month-old BL6/C57 mice were rapidly removed, and transverse 350-m slices were prepared in ice-cold Ringer solution, using a vibroslicer. The slices were placed in a holding chamber for at least 60 minutes and were then transferred to a perfusion chamber for extracellular recordings. Before use, the perfusion buffer (124 mmol/L NaCl, 3 mmol/L KCl, 26 mmol/L NaHCO 3 , 2 mmol/L CaCl 2 , 1 mmol/L MgSO 4 , 10 mmol/L D-glucose, and 1.25 mmol/L NaH 2 PO 4 ) was bubbled with a 95% O 2 -5% CO 2 mixture, and had a final pH of 7.3. The flow rate of the solution through the chamber was 1.5 ml/min. All measurements were performed at room temperature. The 42 nmol/L A␤ oligomeric preparation was based on the protocol by 34 and was bath-applied for 90 minutes. In experiments with memantine, slices were stored in the perfusion buffer containing this compound (1 mol/L) for at least 6 hours, which allowed the drug to achieve equilibrium blockade. 35 
Electrophysiologic Recording
Field excitatory postsynaptic potentials (fEPSPs) in the hippocampal slices were evoked by delivering electric stimuli (0.033 Hz, 4 -5 V, 20 s) to the Schaffer collateralcommissural pathway, and recorded in the dendritic region of the CA1 region using glass micropipettes (1-2 M⍀) filled with the perfusion solution. LTP was induced by a high-frequency, tetanic pulse (100 Hz/1 second), applied to the Schaffer collateral-commissural pathway. Postinduction fEPSP slope measurements represented the 20 -80% fragment of the peak amplitude. All fEPSP slopes were normalized against the 30-minute control period preceding the tetanic stimulation. The fEPSPs were amplified, filtered (3 kHz), digitized (15 kHz) and analyzed using the LTP Program software version 1.01, available at http://www.ltp-program.com 36 (last accessed on June 18, 2008) .
Statistical analysis, comparing all measurements to the 10-minute average of a stable baseline control, was performed using the Student's paired t-test with the significance level of ␣ ϭ 0.01. All values are presented as mean Ϯ SEM.
Results
To evaluate the effects of memantine in mice with different stages of AD-like pathology and cognitive deficits, we administered the drug to three age groups of animals for 3 months, after which the animals were tested on a battery of cognitive tasks, followed by an assessment of the neuropathology (Table 2) . At the beginning of treatment, the mice were 6, 9, and 15 months of age, which corresponds to mild, moderate, and severe pathology of ADlike symptoms, respectively. 10, 13 The control animals were age-and sex-matched, cognitively normal nontransgenic (NonTg) mice. Throughout the study, no adverse changes in general health or significant weight changes in any treatment group were observed. The mean (ϮSD) steady-state plasma concentration of memantine determined after behavioral testing was 157.9 Ϯ 22.4 ng/ml (0.88 Ϯ 0.13 mol/L), with relatively greater memantine levels in females (262 ng/ml) than in males (111 ng/ml).
Memantine Ameliorates Cognitive Impairment
The cognitive abilities of mice were evaluated using the Morris water maze, novel-object recognition task, and passive inhibitory avoidance. These tasks are mainly dependent on the hippocampus, cortex and amygdala, respectively, and were selected because A␤ and tau accumulation first occurs and is most pronounced in those three regions. 10, 13 Before memantine treatment, the mice were first subjected to Morris water maze-based spatial memory training, followed by short-term (1.5 hours) and long-term (24 hours) memory probe trials, to determine their baseline performance (Figure 1 ). The learning ability of 3xTg-AD mice in all three age groups was significantly impaired, compared with age-matched control animals. After this initial assessment of cognition, mice were randomly assigned to either memantine or sucrose treatment for 3 months without interruption. The training sessions and memory probe trials were then repeated. In the youngest, mild pathology group (6 -9 months), sucrose-treated NonTg mice reached criterion in 4 days, whereas sucrose-treated 3xTg-AD mice required 8 days, but were still able to learn the task ( Figure 1A ). Memantine-treated 3xTg-AD mice reached criterion after 4 days, thereby paralleling the performance of NonTg mice, whose performance was unaffected by memantine treatment ( Figure 1A ). Memantine treatment also rescued the learning deficits observed in the moderate pathology group (12 months old). The 12-month-old sucrosetreated NonTg mice reached criterion in 4 days, whereas the sucrose-treated 3xTg-AD mice reached it in 8 days, and most notably, the memantine-treated mice reached criterion in 5 days ( Figure 1C ). Memantine improved acquisition performance in the severe pathology group as well (18 months old; Figure 1E ), although the effect was not as pronounced as with the younger two groups. Sucrose-treated NonTg mice reached criterion in 7 days, whereas the sucrose-treated 3xTg-AD mice were not able to reach criterion even after 8 days of training. However, memantine-treated 3xTg-AD mice performed similarly to NonTg mice treated with memantine and were able to learn the task within 8 days.
To determine the effects of memantine on short-and long-term memory, probe trials were conducted 1.5 and 24 hours after the last training trial. Similar to the training sessions, all 3xTg-AD mice showed a significant cognitive impairment before the treatment. However, after 3 months of treatment, memantine significantly improved the performance of the 3xTg-AD mice, as demonstrated by the marked reduction in the latency of all age groups to cross the platform location (Figure 1, B, D, F) . This improvement in performance was significant in mice with mild and moderate pathology, while mice with severe pathology showed a similar trend. Memantine had no effect on the performance of NonTg mice during either the training or probe trials.
After the Morris water maze test, the mice were subjected to a novel object recognition task, which is dependent on perirhinal and insular cortex. 37, 38 After habituation with the familiar object, mice were tested at both 1.5 and 24 hours later. All three groups of sucrose-treated 3xTg-AD mice performed significantly worse than NonTg mice, but memantine treatment significantly improved the performance of the mild pathology group (see Supplemental Figure S1 , A-C, at http://ajp.amjpathol.org).
Finally, the mice were evaluated in a contextual learning and memory task (passive inhibitory avoidance), which is Figure 1 . Memantine improves spatial cognitive deficits in 3xTg-AD mice. Memantine-treated 3xTg-AD mice were evaluated using a spatial reference paradigm and compared with sucrosetreated 3xTg-AD and NonTg mice. Mice were trained on the spatial reference version of the Morris water maze task before and after treatment. All three groups (6, 9, and 12 months old) of memantine-treated 3xTg-AD mice showed impairment compared with NTg mice during the pretreatment training phase (A, C, and E), which largely disappeared after 3 months of memantine treatment (A, C, and E). Similarly, all 3xTg-AD mice showed both short (1.5 hours) and long-term (24 hours) memory deficits during the pretreatment retention trials (B, D, and F), but the mice with mild and moderate pathology demonstrated a significant improvement after treatment (B and D). **P Ͻ 0.05, memantine-treated 3xTg-AD mice versus sucrosetreated NTg mice. *P Ͻ 0.05, memantinetreated 3xTg-AD mice versus sucrose-treated 3xTg-AD mice. primarily dependent on the amygdala. 39 Sucrose-treated NonTg mice avoided the dark, shock-associated compartment, whereas the sucrose-treated 3xTg-AD mice in all three age groups showed a significantly impaired shortand long-term memory. Both were significantly improved by memantine treatment in the youngest group, whereas only long-term memory was improved in the moderate-pathology group and produced a similar trend in the more severely impaired mice (see Supplemental Figure S1 , D-F, at http://ajp.amjpathol.org).
Memantine Had No Effect on the NonTg Mice
These data demonstrate that chronic memantine treatment can significantly alleviate cognitive deficits in a mouse model of AD and across the entire range of ADlike pathology. Following behavioral testing, mice were sacrificed and their brains were harvested for biochemical and immunohistochemical analyses.
Memantine Treatment Reduces Somatodendritic Accumulation and Phosphorylation of Tau
Tau pathology progresses in a hierarchical manner, beginning with somatodendritic accumulation, 10 followed by changes in conformation and phosphorylation patterns, and eventually developing into mature neurofibrillary tangles.
10 Figure 2 focuses on tau pathology in the severe pathology group of mice, while the effects of memantine on moderate groups are shown in Supplemental Figure S2 , A and B, at http://ajp.amjpathol.org. In our study, memantine treatment was associated with a significant reduction in steady-state levels of tau protein in the mice groups with severe pathology, as detected by Western blotting with antibodies to tau using the soluble brain homogenate fraction (Figure 2, A and B) . In addition, we found that the levels of tau phosphorylated on residues 212/214 (recognized by the AT100 antibody), residues 199/202 (AT8 antibody), and 231 (AT180 anti- Memantine reduces accumulation and phosphorylation of tau in 3xTg-AD mice may be mediated by GSK3␤. After 3 months of memantine treatment, total levels of the soluble fraction of tau protein in 3xTg-AD mice with severe pathology (A and B) were significantly lower, compared with the sucrose-treated animals, using HT7 antibody. Memantine treatment was also associated with significantly lower levels of tau phosphorylated at residues 212/214 (AT100), 199/202 (AT8), 212/214 (AT100), and 231 (AT180) (A and B) . Levels of total tau (HT7) and phosphorylated tau at 199/202 residues had no significantly changes (C and D). Immunostaining using AT100 antibody revealed a significantly reduction in somatodendritic tau phosphorylated at residues 212/214 (E). Western blot analysis shows that the levels of inactive GSK3␤ (phospho-GSK3␤-S9) were increased by memantine treatment in 3xTg-AD, compared with sucrose-treated mice (F and G). Levels of p25 and PP2A do not show differences with memantine treatment in mice with severe pathology (F and G). *P Ͻ 0.05, memantine-treated 3xTg-AD mice versus sucrose-treated 3xTg-AD mice. S, sucrose-treated; M, memantine-treated. body) were reduced. The levels of phospho-tau species recognized by antibodies PHF1 and AT270 were unaffected by memantine treatment. Levels of total tau, and AT8 positive tau, in the insoluble fraction were unaffected by the treatment (Figure 2, C and D ). An immunohistochemical analysis of hippocampal regions using the AT100 antibody revealed a marked reduction in somatodendritic phospho-tau staining ( Figure 2E ). We also assessed tau pathology in the moderate pathology group, and showed similar reductions in steady-state tau, and tau phosphorylated at residues 212/214 (AT100) and 231 (AT180) (see Supplemental Figure S2 , A and B, at http://ajp.amjpathol.org).
Since all of the tau residues that showed decreased phosphorylation in the presence of memantine in the severe pathology group are known targets of glycogen synthase kinase 3␤ (GSK3␤), we next examined the levels of this enzyme. After 3 months of memantine treatment, mice in the two older groups exhibited significantly higher levels of the inactive GSK3␤ form, compared with their sucrose-treated counterparts (Figure 2, F and G) . This suggests a decrease in the levels of active GSK3␤ in memantine-treated animals, which could account for the observed reductions in the levels of GSK3␤-phosphorylated tau residues. We found a similar effect on the inactive form of GSK3␤ in the moderate pathology group (see Supplemental Figure S2 , C and D, at http://ajp.amjpathol.org). Finally, the levels of two other mediators of tau phosphorylation, p25 (the co-activator for cyclin-dependent kinase 5, another tau kinase), 40 and PP2a, a tau phosphatase, were unaffected by memantine treatment (Figure 2, F and G) .
Memantine Treatment Reduces A␤ Accumulation
Transgenic 3xTg-AD mice increasingly accumulate A␤ as they age, with fibrillar amyloid plaques starting to develop from 12 months of age. 31 Our earlier data indicate that the initial cognitive deficits in these mice are caused by intraneuronal A␤ levels 11 and that cognitive deficits increase with increasing brain pathology. To determine the effects of chronic memantine treatment on the A␤ load, we assessed whole brain hemisphere A␤ levels using sandwich ELISA.
Memantine treatment significantly reduced levels of soluble A␤ in the mild pathology group of mice, while soluble A␤ was increased in animals with moderate and severe pathology (Figure 3, A, E, I ). Notably, these effects are concomitant with a large reduction of insoluble A␤ 1-42 levels in the severe pathology group of animals, which may represent an effect of memantine treatment on distribution of the A␤, causing a shift from the insoluble A␤42 to soluble pool of A␤ (Figure 3, I and J) . In mice with mild and moderate pathology memantine had and A␤ 1-42 on homogenates of the whole brain hemisphere of 3xTg-AD mice were determined using ELISA and reported in pg of A␤/mg of wet tissue weight. In the youngest group of animals, memantine treatment was associated with significantly lower levels of soluble A␤ and A␤ (A) and insoluble A␤ (B) . In the moderate pathology group, memantine-treated animals had significantly lower levels of soluble A␤ , but significantly higher levels of soluble A␤ , compared with their sucrose-treated counterparts (E). In this age group, memantine had no apparent effect on the levels of insoluble A␤ and A␤ (F) . In the most severe pathology group, memantine treatment was associated with significantly higher levels of soluble A␤ (I), but with significantly lower levels of insoluble A␤ and A␤ (J) . Immunohistological staining of the subiculum of the mild and moderate pathology groups showed a modest reduction in accumulation of A␤ in memantine-treated 3xTg-AD mice, compared with their sucrosetreated counterparts (C, D, G, and H), using 6E10 antibody. However, in the severe pathology group the immunostaining using both antibodies 6E10 and D3 (antiA␤ ) showed a robust effect of the memantine reducing the accumulation of the A␤ in subiculum (K-N). *P Ͻ 0.05, memantine-treated 3xTg-AD mice versus sucrose-treated 3xTg-AD mice.
no effect in the insoluble fraction, possibly due to fewer dense core plaques in younger mice (Figure 3, B and F) , despite rescuing cognitive deficits in these mice. Memantine treatment also significantly reduced levels of soluble A␤ in animals with mild and moderate pathology ( Figure 3, A and E) . In the group with severe pathology the treatment had no effect in soluble A␤ and significantly reduction in insoluble A␤ ( Figure  3, I and J) .
Immunohistochemical staining revealed a stark contrast in A␤ levels between the sucrose-and memantinetreated 3xTg-AD mice in the severe pathology group, showing a considerable reduction in the number of plaques as a consequence of memantine treatment (Figure 3, C, D, G, H, K-N) . These results indicate that the effect of memantine on the levels of A␤ may be related to alterations in the distribution of A␤ pools and is dependent on age or severity of pre-existing A␤ pathology (see Supplemental Figure S3 , A-D, at http://ajp.amjpathol.org).
Memantine Reduces Levels of A␤ Oligomers
A␤ levels can be affected by a variety of proteins involved in A␤ production and degradation. Therefore, we attempted to evaluate whether the processing of amyloid precursor protein (APP) could account for the marked decrease in A␤ levels observed after memantine treatment in the mice with severe pathology. Our measurements indicate that the steady-state levels of full-length APP were unaltered with memantine treatment (Figure 4 , A and B), although we cannot discount the possibility that APP levels could be C-terminally truncated as 6E10 would be unable to distinguish slight shifts in molecular weight due to caspase cleavage. Western blot analysis of homogenates using 6E10 antibody also revealed that, in the severe group of mice, memantine treatment decreased the concentration of A␤ dodecamer, A␤*56, by approximately 70% (Figure 4, A and B) . We next measured the levels concentration of C83 and C99, C-terminal APP fragments that are byproducts of ␣-and ␤-secretase, respectively, but could not detect any memantine-dependent effects (Figure 4, A and B) , nor could we resolve any smaller C-terminal fragments such as AICD or C31. Levels of ␣-secretase, ␥-secretase, insulin-degrading enzyme, and transthyretin (all involved in APP processing or downstream amyloid cascade) were also unchanged between the sucrose-and memantine-treated animals ( Figure 4, E and F) .
Given the intriguing decline in A␤*56 levels, we assessed total prefibrillar and fibrillar A␤ oligomeric levels using A11 and OC antibodies, respectively, in the soluble fraction. 41 The antibody A11 recognizes A␤ oligomers with a molecular mass of 50 -150 kd, including A␤*56. Memantine treatment was associated with approximately a 30% decrease in levels of the prefibrillar oligomers in the soluble fraction (antibody A11); however, the levels of fibrillar oligomers were decreased in female mice only (Figure 4, C and D) . These data suggest that memantine treatment affects A␤ oligomerization, and that its effects may be dependent on the severity of A␤ pathology, and sex. Notably, no changes in A␤*56 were seen in the moderate pathology group, despite robust improvements in behavior.
Memantine Reverses Oligomeric A␤-Induced Deficits in LTP
To investigate the possibility that oligomeric A␤ affects neuronal excitability in the CA1 region of the hippocampus, evoked potentials and LTP were measured in murine hippocampal slices incubated with an oligomeric A␤-induced preparation. Under control conditions, 60 minutes after high-frequency stimulation, fEPSP slopes were potentiated to 139.7 Ϯ 6.3% of baseline (n ϭ 10). However, after 90 minutes of pretreatment with oligomeric A␤-induced (42 nmol/L), the same stimulus produced only a short-term potentiation, after which the fEPSP slope reversed to 102.2 Ϯ 2.9% of baseline (n ϭ 10; P Ͻ 0.01; Figure 5 ). The pretreatment with oligomeric A␤-induced had no effect on the baseline fEPSP slope (data not shown). Pretreatment with memantine (1 mol/L) did not affect the magnitude of LTP (131.9 Ϯ 4.7%; n ϭ 10), but was able to prevent the oligomeric A␤-induced LTP impairment effect almost completely (128.5 Ϯ 5.8%; n ϭ 10; P Ͻ 0.05; Figure 5 ). Taken together, these data indicate that memantine treatment can alleviate cognitive Western blot analysis of homogenates of whole brain hemisphere revealed no difference in the levels of APP, C99 fragment, C83 fragment, ADAM10, and BACE between the memantine-and sucrose-treated 3xTg-AD mice, using 6E10, CTF20, anti-ADAM10, anti-␤-site APP cleaving enzyme (BACE) antibodies respectively, (A, B, E, F) . However, the levels of the A␤ dodecamer (A␤*56) (using 6E10 antibody) were significantly lower in memantine-treated animals (A and B). In addition, dot blot analysis indicated a significant reduction in the levels of all prefibrillar oligomers (A11 antibody) in memantine-treated mice (male and female), and lower levels of fibrillar oligomers (OC antibody) in female animals only (C and D). *P Ͻ 0.05, memantinetreated 3xTg-AD mice versus sucrose-treated 3xTg-AD mice.
deficits in a transgenic mouse model of AD at various stages of AD-like pathology and that it may have diseasemodifying effects.
Discussion
The NMDA receptor, one of three major types of ionotropic glutamate receptors, plays an important role in calcium homeostasis, synaptic plasticity, and learning and memory. Its function is tightly regulated, and if perturbed, can result in glutamate-triggered excitotoxicity and neuronal death. 42 Similarly, complete inhibition of this receptor also results in impairment of synaptic plasticity and memory. 43 Dysregulation of NMDA receptors have been implicated in AD, and it has been reported that the NMDA receptor-expressing neurons are more vulnerable to AD-associated insults. 44, 45 Memantine, an uncompetitive, voltage-dependent, moderate-affinity NMDA receptor antagonist, has been shown to slow clinical decline in patients with moderate to severe AD. 46 -48 The pharmacological action of memantine in AD is thought to be based on its ability to reduce overactivation of NMDA receptors, while allowing normal activity to occur. However, some studies have investigated the disease-modifying effects of memantine in animal models of AD. 49 In this study, we found that memantine improved both hippocampus-and amygdala-dependent memory impairments in 3xTg-AD mice of three different ages and degrees of pathology.
Both overactivation and inhibition of NMDA receptors have been reported to cause LTP deficits. 8 It has been speculated that partial inhibition by memantine restores the physiological functioning of NMDA receptors, and thus LTP, 35 which in turn leads to an improvement of cognitive function. Here we show that, in line with previous findings, low concentrations of bath-applied A␤ oligomers inhibit LTP, 50 -52 an effect that can be abolished by preincubation with memantine. This long preincubation period is necessary, since memantine, an amphiphilic compound, exhibits slow penetration into the slice culture layers. These results suggest two things: first, that A␤ oligomer-induced synaptic deficits occur via the NMDA receptor; and second, that memantine can protect against A␤ oligomer-induced synaptic dysfunction. As synaptic dysfunction is widespread in AD transgenic mouse models and occurs at ages that also show cognitive impairment, this memantine-induced prevention of synaptic deficits may be related to the improvements in cognition seen with treatment.
Several studies of memantine in transgenic mouse models of AD have been performed by different laboratories. [23] [24] [25] 49 In these studies, functional outcomes have been extensively investigated and described, without fully examining the effects of memantine treatment on both tau and A␤ pathology. Our present study shows findings from both behavioral and pathological perspectives and suggests that memantine may be a diseasemodifying drug for AD. A study of subchronic (10 days), subcutaneous treatment of aged Tg2576 mice demonstrated that the use of memantine was associated with reduced levels of membrane-bound APP, suggesting that longer treatment may reduce overall A␤ production. 53 In our experiments, memantine treatment (oral, 90 days) lead to significantly decreased levels of insoluble A␤ in mice with severe pathology. However, the levels of full-length APP and of the C99 and C83 fragments were unchanged by memantine treatment, indicating that memantine does not modulate APP processing in these animals. It should be noted that we did not assess the kinetics of APP processing in memantine-treated mice, and therefore it is possible that our analyses of steadystate levels of APP fragments and secretases may miss more subtle effects of memantine treatment on APP processing. However, it is unlikely that any such subtle effects could underlie the robust reduction in the levels of insoluble A␤ and the plaque load (approximately 70% for A␤ in memantine-treated mice). Rather, memantine may directly or indirectly affect the clearance or assembly/disassembly of A␤ species in the brain. Although the mechanism remains unknown, it may include prevention of A␤ monomer aggregation into oligomeric forms and, subsequently, into A␤ plaques. This possibility is supported by our observation that memantine treatment in the most severely affected mice led to significantly increased soluble A␤ 1-42 levels but significantly reduced the levels of insoluble A␤ and hippocampal amyloid deposition. Interestingly, the levels of A␤*56, an A␤ oligomer, were markedly reduced in memantine-treated mice in the severe pathology group, as were the total oligomer levels, which include the A␤*56 fraction as part of the overall oligomer pool. However, the levels of fibrillar oligomers were lowered in memantine-treated females only, and there was no difference in cognitive performance between the two sexes. This effect could be due to relatively greater plasma memantine levels in females (262 ng/ml) than in males (111 ng/ml) found in this study. Notably, no changes in A␤*56 were seen in the moderate pathology group, despite robust improvements in behavior. Hence cognitive recovery occurs in the moderate group without such a reduction in this oligomeric species, or large changes in overall A␤ levels, and suggests that cognitive improvement occurs due to the changes in tau pathology, or due to protection from the presence of A␤/A␤ oligomers, or a mixture of both.
Interestingly, memantine treatment also was associated with reduced steady-state levels of total tau, suggesting that tau has a greater turnover with memantine treatment, as production is under the control of the thy1.2 promoter. This effect may be related to the lower levels of A␤ oligomers, found in memantine-treated animals: we have previously shown that these oligomers impair neuronal proteasome activity and lead to increased levels of tau. 54 In addition, we also found a significant reduction in the levels of tau phosphorylated at residues that are known targets for GSK3␤, a major tau kinase. 55 It has been shown that the dysfunction of GSK3␤ impairs cognitive function, increases neuronal apoptosis, and alters pathological tau phosphorylation in various mouse models. 56 In the 3xTg-AD mice, we previously observed an age-dependent activation of GSK3␤, which correlated with an increase in neuronal tau phosphorylation in the brain. 57 In the present study, memantine treatment markedly increased the inhibitory phosphorylation of GSK3␤ at the Ser-9 residue, whereas the total levels of GSK (3␣ ϩ ␤) remained unchanged. This putative effect of memantine on GSK3␤ may be mediated via A␤ oligomers, since it has been shown that lower levels of A␤ oligomers lead to a lower activity of GSK3␤. 58 We found no differences in the levels of tau phosphorylated at other residues, nor changes in the levels of another major tau kinase, cdk5, or tau phosphatase, PP2a. This was surprising, considering that the overall tau levels in memantine-treated animals were significantly lower, compared with the sucrose-treated control group, and a comparable reduction in all phospho-tau molecules would have been expected. Finally, despite the lack of change between PHF1 and AT270, we think it unlikely that memantine treatment would stimulate the phosphorylation of tau at these residues. Tau phosphorylated at the PHF1/ AT270 sites may be more resistant to degradation by the proteasome compared with the molecule than is not phosphorylated or phosphorylated at other epitopes.
In conclusion, chronic memantine treatment of the 3xTg-AD mice not only improves the animals' cognitive performance, but also lowers the levels of pathological hallmarks of AD, A␤ plaques and tau, in the 3xTg-AD mouse model. Although further studies would be required to reveal the molecular and cellular mechanisms of these results, our findings serve as important preclinical evidence for memantine as a disease-modifying drug for AD. Currently, memantine is approved only for the treatment of patients with moderate to severe AD, as studies of memantine in mild to moderate AD have not consistently revealed significant benefits in this patient population. 7 
